The development and decline of brain structure and function throughout adulthood is a complex issue, with cognitive aging trajectories influenced by a host of factors including cerebrovascular risk. Neuroimaging studies of age-related cognitive decline typically reveal a linear decrease in gray matter (GM) volume/density in frontal regions across adulthood. However, white matter (WM) tracts mature later than GM, particularly in regions necessary for executive functions and memory. Therefore, it was predicted that a middle-aged group (MC: 35-45 years) would perform best on a verbal working memory task and reveal greater regional WM integrity, compared with both young (YC: 18-25 years) and elder groups (EC: 601 years). Diffusion tensor imaging (DTI) and magnetoencephalography (MEG) were obtained from 80 healthy participants. Objective measures of cerebrovascular risk and cognition were also obtained. As predicted, MC revealed best verbal working memory accuracy overall indicating some maturation of brain function between YC and MC. However, contrary to the prediction fractional anisotropy values (FA), a measure of WM integrity, were not greater in MC (i.e., there were no significant differences in FA between YC and MC but both groups showed greater FA than EC). An overall multivariate model for MEG ROIs showed greater peak amplitudes for MC and YC, compared with EC. Subclinical cerebrovascular risk factors (systolic blood pressure and blood glucose) were negatively associated with FA in frontal callosal, limbic, and thalamic radiation regions which correlated with executive dysfunction and slower processing speed, suggesting their contribution to age-related cognitive decline. Hum Brain Mapp 38:3472-3490, 2017.
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INTRODUCTION
A thorough examination of the evolution of brain structure and function as we age presents a unique set of challenges, since different brain structures (e.g., gray matter vs. white matter) develop and decline at different rates over a lifetime. Such investigations are further complicated by the fact that brain structure and function, including cognition, are influenced by factors such as cerebrovascular risk, which may differentially affect different types of cognitive abilities (e.g., spatial vs. verbal). For example, based on our previous studies, cerebrovascular risk (CV) had a larger impact on spatial working memory whereas verbal working memory was largely unaffected by CV risk across age at the behavioral level. In general, the role that CV risk plays in the decline of both brain structure and function associated with normal aging is largely understudied, even though it has previously been shown that at the anatomical level, different structures (e.g., gray matter vs. white matter) are adversely affected by CV risk, while at the functional level, sensation and cognition are also negatively influenced. In addition, it is well documented that CV risk correlate with poorer executive function [Gardener et al., 2016; Levin et al., 2014; Rouch et al., 2014; Raz et al., 2003 ]. For example, using the population-based PROOF cohort (elderly community dwellers) a significant association was observed between the presence of metabolic syndrome, poor memory, and executive function even after adjusting for confounding factors [Rouch et al., 2014] , while Rostamian et al. [2015] found poorer executive function, but not memory, to be associated with higher risk of coronary heart disease and stroke. It is also important to note that early studies of aging focused on frontal lobe dysfunction, given evidence of gray matter decline in these regions; however, more recent neuroimaging studies of aging have emphasized that large networks of cortical/ subcortical areas are affected, particularly networks associated with executive functions such as working memory [e.g., Delano-Wood et al., 2012; Grady, 2000; Fuster, 2003; Tisserand and Jolles, 2003] . Given the complexities of this area of study, a comprehensive examination of cognitive aging trajectories requires multiple measures to be obtained for the same individuals, including multimodal brain imaging, measures of cognitive performance, and measures of cardiovascular risks, across the age spectrum. The emphasis here is placed on "age spectrum" since most neuroimaging studies of normal aging fail to include a middle age group [Aine et al., 2014a, b] . Hence, this study examines the evolution of verbal working memory across the age spectrum while accounting for the effects of subclinical CV risk on brain structure and function across three age groups (young, middle-age, and elders).
One basic assumption espoused in many aging studies is that decline of brain structure and function is linear after one reaches adolescence or young adulthood and that this decline coincides with a decrease in cognitive function. Linear decline in brain structure has been noted consistently for gray matter (GM) volume or density in prefrontal regions [Gogtay et al., 2004; Raz, 1997; Sowell et al., 2001 Sowell et al., , 2003 , which generally provides support for the frontal aging hypothesis [see reviews by Moscovitch and Winocur, 1995; West, 1996] . Consequently, many neuroimaging studies of aging compared functional and structural data between young and elder participants theorizing that the greatest contrasts would be evident at these two ends of the continuum. However, the lack of a middle-aged group in these studies disregards the literature that indicates, for example, that white matter (WM) volume and myelination continue to increase until at least the fourth decade of life in frontal and temporal regions, regions necessary for higher cognitive functions such as language processing and working memory [Bartzokis et al., 2001; Benes, 1994; Courchesne et al., 2000; Giedd et al., 1999; Grady et al., 2003; O'Reilly and Norman, 2002; Sowell et al., 2003] . Furthermore, studies have shown that cortical maturation generally follows a posterior-anterior gradient along a hierarchy of increasingly complex functions ending in the maturation of temporal and frontal cortex [i.e., Colby et al., 2011; Qiu et al., 2008; Yakovlev and Lecours, 1967] . Similar to developmental studies of WM density and tract integrity [Nagy et al., 2004; Paus, 1999] , we postulated that language and reading development tends to parallel WM tract development. For example, several studies of WM tract development have shown a relationship between reading ability and the microstructure of the superior longitudinal fasciculus (SLF) or arcuate fasciculus, as well as the corona radiata (CR) [Lebel et al., 2013; Qiu et al., 2008; Vandermosten et al., 2012; Verhoeven et al., 2009] . Finally, WM microstructure has also been associated with verbal working memory performance [Biesbroek et al., 2013; Chaddock-Heyman et al., 2013; Sasson et al., 2011; Seghete et al., 2013; Tamnes et al., 2010; Smith, et al., 2011] suggesting a positive correlation between verbal working memory performance and WM microstructure. These studies provide the basis for hypothesizing that performance on a verbal memory task will peak in midlife, before witnessing a gradual decline in performance associated with age and/or CV risk.
Another potential confound in the aging literature examined here relates to the health of participants in neuroimaging studies of aging, particularly, that health assessments of participants in these studies are rarely performed and/ or health status is often based solely on self-report. Aine et al. [2014a,b] demonstrated that CV risk factors (e.g., hypertension and high blood glucose levels), of which participants were often not aware (not formally diagnosed and/or subclinical), are negatively associated with both performance on cognitive tasks as well as brain structure and function measures, independent of age (e.g., lower performance was associated with greater WM lesions and lower fractional anisotropy values). Additionally, numerous studies have shown associations between CV risk factors (e.g., hypertension) and increased risk of dementia [Bryan et al., 2014; Ho et al., 2012; Kennedy and Raz, 2009; Launer et al., 2015; Qiu et al., 2006 Qiu et al., , 2014 Raji et al., 2009; Seo et al., 2012] . There is also an extensive literature on CV risk factors and cognition, as well as on CV risk factors and structural brain changes [e.g. Qiu et al., 2012 ; for a review of the literature on hypertension and cognitive decline see Elias et al., 2012] . For example, there is research showing that long-standing hypertension is associated with brain matter atrophy, WM lesions, and that it is a risk factor for cognitive impairment [Chung et al., 2016; Nagai et al., 2010] while metabolic syndrome has been shown to have a profound effect on cerebral circulation and brain structure [Mellendijk et al., 2015] . In addition, a meta-analysis conducted by Gunning-Dixon and Raz [2000] , along with other studies [Oosterman et al., 2004; Tullberg et al., 2004] , have shown that white matter hyperintensities (WMHs) which show a clear association with vascular risk factors such as hypertension and type 2 diabetes, are more abundant in frontal regions and are associated with frontal hypometabolism (rCMRglc), prolonged processing times and executive dysfunction. To conclude, CV risk factors appear to accelerate age-related decline in brain perfusion which affects cognitive outcomes [Novak and Hajjar, 2010] . Unfortunately, the potential confounds of these risk factors, particularly in the subclinical range, are almost universally overlooked in neuroimaging studies of normal aging. Here, we acquire physical measures of CV risk, including blood pressure and blood glucose levels, to control for this potential confound which represents one unique aspect of this study.
Our previous study examining effects of CV risk on performance of four different spatial and verbal working memory paradigms [Aine et al., 2014a,b] found that systolic blood pressure had a selective negative impact on spatial working memory tasks, compared with verbal working memory tasks. Therefore we concluded that CV risk contributes in part to the age-related decline witnessed in spatial working memory tasks, and that spatial working memory is more susceptible to CV risks than verbal working memory tasks. Note that in the present study, unlike most neuroimaging studies of normal aging which focus on tasks where the greatest decline in function can be witnessed, we use a verbal working memory task across 3 age groups to demonstrate that some improvement of verbal function occurs into middle age since other studies suggest little decline in verbal function occurs with age. For example, Schaie [1994] examined greater than 5,000 participants in the Seattle Longitudinal Study and found that some abilities peak in young adulthood (e.g., spatial orientation) whereas other abilities peak in midlife (e.g., verbal meaning and numbers). At the latent construct level, Schaie found no decline in verbal ability (age 88 compared with age 25), some decline in inductive reasoning and verbal memory (0.5 SD), while greater decline was evident for spatial orientation (1 SD) and perceptual speed (1.5 SD). The current study is motivated in part by Schaie's data suggesting some development in verbal ability occurs from age 25-39, and by other studies suggesting that many language functions such as reading and vocabulary decline little with age [see reviews by Shafto and Tyler, 2014; Tyler et al., 2009] . Here, we focus on results from a verbal working memory task to assess whether or not verbal working memory performance peaks at midlife, along with its associated correlates of structure/function, while predicting that CV confounds will exist but will be minimal for this verbal working memory task across age groups. If this is true, then there is greater likelihood of showing an increase in verbal memory ability for the middle-aged group.
Multimodal imaging (e.g., DTI and MEG) and three selfreported healthy age groups (18-25, 35-45, and 601 years) are utilized to extend our previous results. Specifically, we hypothesized that: (1) a middle-aged group will perform better on a verbal working memory task than either a young or an older adult group and that fractional anisotropy (FA), a measure of WM microstructure, will correspondingly be highest for the middle-aged group in regions associated with working memory (e.g., SLF and CR); (2) an MEG region of interest (ROI) analysis of left inferior frontal, inferior parietal and parahippocampal regions will reveal greater peak amplitudes in the middleaged group along with shorter peak latencies, compared with the young and elder groups since these particular regions have been reported to play a role in verbal working memory [e.g., Nee and Jonides, 2014; Bokde, 2010] ; and (3) CV risk, although less influential in verbal memory tasks compared with spatial memory tasks, will still be associated with structural/functional differences predominantly in frontal and limbic regions, regions important in working memory and speeded tasks. In summary, we predicted that FA measures would parallel MEG amplitude measures (i.e., higher values for the middle-aged group compared with the young and elder groups) in regions r Sanfratello et al. r r 3474 r that are typically associated with executive functions such as verbal working memory and processing speed. Unlike our previous studies in this area, this study examines age group differences in both structure (DTI) and function, incorporating functional MEG measures acquired during a verbal working memory task, along with CV risks. While several studies have previously examined specific aspects of aging using larger samples [e.g., white matter volumes across age, effects of hypertension on WM volumes/tracts [e.g., Brickman et al., 2010; Elias et al., 1995; Lockhart et al., 2014 ; for a review of literature on hypertension and cognitive decline see Elias et al., 2012] , no study of which we are aware has examined all these factors (e.g., a functional brain activity measure of sustained verbal working memory using MEG, structural brain measure of white matter integrity using DTI, laboratory tests documenting cerebrovascular risks, and extensive neuropsychological testing) within the same participants.
MATERIALS AND METHODS

Participants and Inclusion/Exclusion Criteria
Eighty normal controls were recruited from the age range of 18-25 years (n 5 30; 13 male, 17 female), 35-45 years (n 5 25; 13 male, 12 female) and 60-89 years (n 5 25; 9 male, 16 female). Note that some of the participants (n 5 55) reported on in Aine et al. [2014a,b] were also participants in the present study. However, different working memory tasks were examined in Aine et al. [2014a,b] (i.e., enhancers and distracters were presented during the delay interval of the working memory tasks), additional data were acquired in the present study and functional brain imaging (MEG) data have been incorporated. The Human Research Review Committee at the University of New Mexico approved the use of human participants for this study (HRRC#06-267) and written informed consent was obtained from all participants. Exclusion criteria included history of vascular disorders (i.e., aortic aneurysm or symptomatic coronary/cerebral/peripheral arterial insufficiency). Participants with self-reported ongoing vascular risk were not enrolled. In addition, potential participants were excluded if they showed evidence of significant chronic neurological disease (e.g., Parkinson's disease, seizure disorder) or severe medical illness (e.g., oxygen dependent COPD, severe congestive heart failure). Participants were excluded if they met criteria for major depression or any other major DSM-IV axis I disorder, including alcohol and substance abuse, within one year of recruitment. The medicine lists of all participants were reviewed prior to the study to help ensure that we did not enroll any participants taking psychoactive or other drugs that could affect cognitive function (e.g., opioid and seizure medications). 
Neuropsychological Tests
Tests of Cerebrovascular Risk
Two blood pressure readings were obtained sitting down (10 minutes apart), fasting glycated hemoglobin A1C (average blood glucose concentration across 3 months), and a lipid panel (triglycerides, high-density lipoprotein or HDL, low-density lipoprotein or LDL, and total cholesterol or TC) were obtained at the University of New Mexico Clinical and Translational Science Center (CTSC). The two blood pressure readings were averaged together for analysis. Table I shows the participant characteristics and statistically significant group differences.
MRI/Diffusion Tensor Imaging (DTI) Acquisition and Analysis
A Siemens 3T Tim Trio was used for all T1 structural and T2 scans (MPRAGE, Turbo Spin Echo, FLAIR, and DTI). T1-weighted MPRAGE sequence: 1.0 mm sagittal slices, 78 Flip angle, TR 5 2,530 ms, TE1 5 1.64 ms, TE2 5 3.5 ms, TE3 5 5.36 ms, TE4 5 7.22 ms, TE5 5 9.08 ms, FOV was 256 3 256, 6 minutes. The MPPRAGE sequence combined the images from 5 echoes to provide a single image with better WM/GM contrast. T2-weighted Turbo Spin Echo (TSE) sequence: 1.5 mm axial slices, 1558 Flip angle, TR 5 13,500 ms, TE1 5 77 ms, FOV was 220 3 220 with 1.5 mm slice thickness, acquisition time of approximately 3 minutes; and T2-weighted FLAIR sequence: 1.5 mm sagittal slices, TR 5 6,000 ms, TE 5 412 ms, FOV was 256 3 256, acquisition time of approximately 5 minutes.
The DTI sequence had 60 directions, b 5 800 s/mm 2 and 10 measurements of b 5 0, for 12 minutes of acquisition time. The b 5 0 measurements were interleaved after every six non-zero b-value measurements. We used a low b-value because of its higher SNR due to shorter TE and less sensitivity to motion artifacts. DTI was obtained in the axial direction along the AC-PC line. The FOV was 256 3 256 mm with a 2 mm slice thickness, 72 slices, 128 3 128 matrix size, voxel size 5 2 mm 3 2 mm 3 2 mm, r Brain Structure and Verbal Function r r 3475 r TE 5 84ms, TR 5 9,000 ms, NEX 5 1, partial Fourier encoding of 3/4, and with a GRAPPA acceleration factor of 2.
DTI preprocessing consisted of the following steps: (1) Signal dropouts caused by motion were identified as stripes in the sagittal view, and these gradient directions were not included in further analysis; (2) Motion and eddy current correction was done by eddy_correct/FSL. A gradient direction requiring a framewise displacement of more than 3 mm on a 50 cm sphere was also discarded; (3) If more than 10% of the gradient directions were dropped then the subject was not included in the analysis. A prior simulation study has shown that when fewer than 10% of the gradient directions were dropped the bias in FA calculations was negligible [Ling et al., 2011] ; (4) The gradient direction was corrected for any image rotation done during the previous motion correction step. Scalar diffusion parameters such as FA were calculated using dtifit (FSL). The FA image was aligned to a FA template (normalized to MNI space) with a nonlinear registration algorithm, FNIRT (FMRIB's Nonlinear Image Registration Tool; FSL). A mean FA image was calculated from the set of spatially normalized images. The tract-based spatial statistics (TBSS) algorithm was applied to the mean FA image to calculate a mean WM tract skeleton [Smith et al., 2006] . The FA data of each subject was then projected on this mean skeleton to form a skeletonized image corresponding to each subject.
To examine structural related effects, mean FA values were calculated from the FA skeleton for the 50 WM regions (ROIs) defined in the JHU-ICBM 50 region whitematter atlas included in the FSL software package [Mori et al., 2008 ]. The physiological variables were then correlated with the mean FA value for each of the 50 regions and the significance was corrected for multiple comparisons using the Hochberg method as outlined in Nichols and Hayasaka [2003] . Rather than using a non-parametric test Randomise/FSL on a voxel-by-voxel basis on the skeleton followed by TFCE/FSL to find significant clusters [Smith and Nichols, 2009] , we instead looked for differences over the 50 regions associated with the major WM tracts. This has the advantage of reducing the number of multiple comparisons and detecting smaller differences across larger ROIs. These 50 regions sample a portion of the major WM tracts and we assume that their properties provide a fair representation of these tracts.
Verbal Working Memory-MEG Task
A modified verbal Sternberg task was used to test memory performance across age groups (see Fig. 1 ) while MEG data were acquired. The visual stimuli were 16-cell arrays filled with one red and 15 green digits subtending 48 in the central visual field. Some of the digits within the matrix were presented backward to avoid the use of 2-digit numerals. However, the digits to be remembered were always presented normally. The task required participants to remember the red digits presented in two sequentially presented memory set arrays. After a blank delay interval another 16-cell array appeared with one red digit among the green digits. Participants were to respond "yes" (right index finger) or "no" (left index finger) if the last display (probe) contained one of the two to-beremembered red digits presented previously. Total number of trials for each condition was 120 (e.g., 120 trials of "yes" it matched and 120 trials of "no" it didnot match). Only the "yes" trials were used for the present study. The verbal task took approximately 35 minutes to complete, which included three short rest breaks. RTs were recorded in a log file during the task, as the time between the presentation of the probe array and the time at which the participant pressed a button signifying their answer (Neurobehavioral Systems: https://www.neurobs.com). Verbal memory performance (total correct and RTs), as well as laboratory tests and neuropsychological test results Figure Test ; BP, blood pressure. A single "*" indicates the group which differed from the other two groups at P < 0.05. An "*" in each cell indicates that each group was significantly different from the two others. Two " †" indicate that these two groups differed at P < 0.05
were assessed using one-way ANOVA. Post-hoc comparisons were made using the Least Significant Difference test. All statistics were conducted by a biostatistician (C. Qualls) using SAS (http://www.sas.com, Cary, NC).
MEG Acquisition and Analysis
Participants were seated in an Elekta Neuromag 306 channel MEG system (204 planar gradiometers and 102 magnetometers, sampling rate 5 1,000 Hz, high pass filter-5 1 Hz, low pass filter 5 100 Hz) within a 3-layer magnetically shielded chamber, while completing the working memory task described above. Head position and shape information were obtained by digitizing three fiducial points (left/right preauricular and nasion) as well as hundreds of additional points on the scalp and face. The task was explained and participants were given a short practice session before beginning. Those who needed corrective lenses were fitted with MEG compatible frames and lenses for the duration of the task. MEG data were acquired continuously.
After visual inspection of the MEG data for bad channels, the data were filtered [Maxfilter, Elekta: Taulu et al., 2003; Taulu and Simola, 2006 ] to minimize signals from noise sources originating from outside of the defined head volume (including muscle and heartbeat artifacts and nonphysiological flux jumps) using signal space separation, extended into the time domain (tSSS, window length 5 4.0 s; correlation value 5 0.98). The data were motion corrected using continuous HPI (cHPI). Eye blinks were suppressed separately using signal space projection (SSP) [Uusitalo and Ilmoniemi, 1997] . Ten to 15 eye blinks were manually identified and averaged to identify a typical eye blink pattern. A time window of 0.3 s about the peak of the blink was used to determine the eye blink projector. In almost all cases one SSP component was sufficient to project out the eye blinks. The trials were averaged together within subjects for each condition. MEG data for each participant were epoched for each condition over an interval from 200 ms preceding stimulus onset until 500 ms after onset about the presentation of the probe stimulus (i.e., "probe" in Fig. 1 ).
Minimum Norm Estimates Processing Pipeline (MNE: martinos.org/MNE)
The cortical surface was reconstructed from MPRAGE MRIs using FreeSurfer for the automatic segmentation of the skull and scalp surfaces. A repeatedly subdivided icosahedron was used as the subsampling method which resulted in 10,242 locations per hemisphere. Coordinate system alignment was accomplished by first manually identifying fiducial landmarks and second by refining the alignment with the iterative closest-point algorithm [Besl and McKay, 1992] using the additional digitized scalp surface points.
Source analysis was conducted using dynamic statistical parametric mapping (dSPM), an anatomically constrained linear estimation approach [Dale et al., 2000] . The regularization parameter was set to correspond to a signal-tonoise-ratio of three in the whitened data. Source orientation had a loose constraint of b 5 0.2, and a depth weighting of 0.8 was used. The forward solution was calculated using a single layer boundary element method (BEM) [Hamalainen and Sarvas, 1989; Mosher and Leahy, 1999] ; the surface was tessellated with 5,120 triangles. Activation at each vertex of the cortical surface was mapped using a noise-normalized minimum norm estimate [Dale et al., 2000] . In essence, dSPM identifies where the estimated current differs significantly from baseline noise; this method also acts to reduce the location bias of the estimates [Gramfort et al., 2014] . Spatial normalization was accomplished using FreeSurfer spherical coordinate system Fischl et al., 1999] for group comparisons. Spatiotemporal source distribution maps were obtained at each time point and were evaluated. For ROI analysis (time window 0-500 ms poststimulus) the Desikan-Killiany-Tourville (DKT) atlas [Klein and Tourville, 2012] was used to determine individuals' timecourses within the left inferior frontal gyrus (i.e., pars triangularis and pars opercularis combined), left inferior parietal lobe, and a left parahippocampal region (left parahippocampus and left entorhinal cortex combined) as defined in the DKT atlas and shown in Figure 5B . These ROIs were chosen since other research has shown them to be involved in verbal working memory tasks [Bokde, 2010; Salami et al., 2012; Smith and Jonides, 1998; Turner and Spreng, 2012] . Maximum peak amplitudes and peak latencies were determined by a matlab script for the 3 ROIs at 3 time intervals of interest (T1 5 120-150 ms; T2 5 160-260 ms; and T3 5 300-500 ms). These time intervals were chosen because peaks (defined as highest point within the time region of interest) could be reliably identified across participants and across ROIs. Furthermore, these intervals are consistent with intervals chosen in our other studies using visual working memory tasks [e.g., Aine et al., 2006] and within other visual working memory studies [review: Amso and Scerif, 2015] which indicate that peaks within these time frames are generally observed. Vertex amplitudes were averaged over each ROI. Overall multivariate analysis of MEG amplitudes and latencies were conducted for these 3 ROIs. ROIs were further investigated for their relationship with CV risk using ANCOVA.
RESULTS
As predicted, verbal working memory accuracy was significantly better for the middle-aged (MC) group (see top left panel of Fig. 2) . The MC group showed better accuracy on the task compared with both young (YC) and elder (EC) groups. Reaction times (RTs) were not statistically different between the YC and MC groups, but EC RTs were significantly longer than both YC and MC groups. It is also clear from Table I and Figure 2 (bottom row), however, that there is a strong linear increase in systolic blood pressure across age groups, with weaker increases shown for blood glucose level (A1c) and total cholesterol (not shown in Fig. 2) . However, systolic blood pressure did not correlate across groups with verbal working memory accuracy (r 5 0.06); it did correlate with verbal working memory RTs (r 5 0.27, P < 0.02).
When controlling for multiple comparisons there were no significant differences in FA in any regions between YC and MC. For example, the FA value for left SLF for MC was 0.555 versus 0.559 for YC. However, there were numerous WM regions with significant differences between YC and EC and between MC and EC as shown in Table II . Bilateral superior cerebellar peduncles (SCP) were the only WM regions where elders revealed greater FA than YC; this difference was not observed for MC vs. EC. In general, the predominant differences in FA between MC and EC, shown at the right side of Table II , are evident for limbic and thalamic radiations (e.g., fornix, anterior, and body of the corpus callosum, as well as anterior corona radiata, superior corona radiata, and the posterior thalamic radiation). Based on planned comparisons from our previous results [Aine et al., 2014a,b] , we also assessed Verbal working memory performance and cerebrovascular risk factors by groups. Histograms reveal group differences in task performance (top row) and for two common cerebrovascular risk factors (bottom row): systolic blood pressure and blood glucose level (A1c). Standard deviation is shown as error bars for each group. Red lines indicate significant group differences at P < 0.05. The dashed arc in the upper left panel depicts an inverted U-shaped function across age, which was predicted.
[Color figure can be viewed at wileyonlinelibrary.com] r Sanfratello et al. r r 3478 r radial diffusivity (RD) and axial diffusivity (AD) measures in addition to the FA results presented above (see Fig. 3 ). These results show that the significant decreases in FA for FX shown between YC versus EC and MC versus EC can be explained by an increase in RD in EC relative to both MC and YC. The AD parameter was not significantly different by group. Table III shows correlations between CV risk factors, performance (e.g., processing speed) and FA values for WM regions that were statistically different between MC and EC. These limbic, callosal, and thalamic radiations correlated negatively with systolic blood pressure, blood glucose levels and timed tests such as RTs on the verbal working memory task and Trail Making Tests (Parts A and B) and positively with the REY complex figure test. No significant correlations were found with cholesterol levels. Figure 4 shows examples of significant correlation plots, included to assure readers that our results are not the result of outliers, etc.
Furthermore, we report a significant negative correlation between accuracy on the REY complex figure test and systolic blood pressure (r 5 20.35, P < 0.01) and blood glucose levels (r 5 20.35, P < 0.01). Higher blood pressure levels were also associated with poorer performance on the CVLT (r 5 20.37, P < 0.01) and, as reported previously, slower RTs on the verbal working memory task (r 5 0.27, P < 0.02). TC correlated positively with accuracy on the verbal memory task (r 5 0.30, P < 0.02), consistent with our previously reported results [Aine et al., 2014a,b] . Figure 5A and B present results from an MEG ROI analysis to assess timecourse amplitude and peak latency differences between the three age groups. First, an overall multivariate model for ROI amplitude (log-transformed) and latency was conducted. Significant amplitude differences were noted for Group (F 5 4.33, df 5 2,64, P 5 0.017), ROI (F 5 76.23, df 5 2,132, P 5 0.001), time period (F 5 70.92, df 5 2,132, P < 0.0001), and ROI 3 time period (F 5 5.10, df 5 4,264, P 5 0.0006). Next, peak timing was Post-hoc comparisons (Fisher LSD) were conducted to determine which groups differed from each other. Group means are also denoted.
r Brain Structure and Verbal Function r r 3479 r investigated within each ROI for the time periods of interest defined previously. Significant latency differences were observed for left parahippocampal ROI, time period T2 (160-260 ms), with YC and MC < EC (F 5 5.08, df 5 2,64, P 5 0.009; asterisk, Fig. 5A ). Figure 5C reveals whole-brain age-group differences in MEG activity for the 200-400 ms interval (this time period was used for visualization of the results to minimize the contribution of the large initial visual response). In the top row, results for MC were subtracted from results for YC. Blue color, therefore, represents areas of activation for MC that exceeded statistical values for YC. Orange-red color represents areas of activation that were statistically greater for YC compared with MC. These results show that for MC, greater activity was evident in right dorsolateral prefrontal, parietal, and occipital regions during the verbal working memory task. For YC, there was stronger activation of the right middle temporal lobe. Left perisylvian regions (typically associated with language functions), including medial temporal lobe, revealed greater activation for MC compared with EC ( Fig. 5C middle plot) , as well as right dorsolateral prefrontal and parietal cortex. Activity in bilateral medial parietal and sensorimotor cortex were also greater in amplitude for MC compared with EC. The bottom plot shows greater activity for YC, compared with EC, in bilateral medial temporal cortex, as well as parietal cortex. In general, the whole-brain results show: (1) greater right dorsolateral prefrontal-parietal activity for MC, compared with YC and EC; (2) greater right medial temporal lobe activity for YC, compared with MC and EC; (3) less activity in medial parietal regions for EC, compared with YC and MC; and (4) greater perisylvian activity for YC and MC, compared with EC. Overall, MC, the best performers, showed prominent right frontal-parietal and left medial temporal lobe (including parahippocampal) activation compared with elders (i.e., who are possibly undergoing a decline in function) and greater right frontal-parietal activity compared with the young (i.e., who are potentially achieving maturation in function). Figure 6 presents an alternative visualization of these data, as scalp field maps (produced by MNE software as an estimated contour map of the magnetic field normal to the scalp) for YC, MC, and EC at 0, 100, 200, 300, 400, and 500ms (top view), along with a composite overlay of the averaged waveforms for YC, MC, and EC from 2200 to 500 m.
We were also interested in investigating the relationship between structural and functional results. In order to do so we examined correlations between the WM regions discussed above and the MEG ROIs. Table IV presents these results. We found that parahippocampal T3 correlated significantly (Hochberg corrected, P < 0.05) with a number of WM regions, in particular FX, BCC, GCC, and PTR-L. In A. Timecourses for each ROI (left parahippocamal, left inferior parietal, and left inferior frontal gyrus) and time periods of interest (T1, T2, and T3) for each of the 3 age groups (YC 5 blue tracing, MC 5 red tracing, and EC 5 green tracing) are shown. An "*" indicates significant difference in latency in T2, with EC > YC and MC, P 5 0.009). B. DKT atlas with ROIs outlined and labeled. C. MEG difference plots using whole-brain dSPM analysis methods (minimum norm estimates). Top row: blue color represents greater activation levels for MC compared with YC, except in the right medial temporal lobe. Second row: Yellow-orange color reveals regions of greater activity for MC compared with EC. Third row shows greater activity for YC compared with EC across extensive regions of cortex. Difference plots were constructed for 200-400 ms intervals, poststimulus. Amplitude in fT. Left hemisphere is shown on the left side of these plots.
addition, IFG T2 correlated significantly with FX and PTR-L and inferior parietal T2 with SCR-L.
Lastly, we present significant correlations of peak amplitudes (within each ROI and time window) with CV risk, verbal task performance accuracy, and neuropsychological test results. Of particular interest is the positive correlation between the left parahippocampal region and EC performance (accuracy) on our verbal working memory task (r 5 0.61, P 5 0.042 Holm-Bonferonni corrected). The most striking correlation between CV risk factors and MEG activity was for cholesterol levels in the EC group and the second peak of parahippocampal activity, where a significant (P < 0.05, Holm-Bonferonni corrected) positive correlation with total cholesterol (r 5 0.58 P 5 0.048) was observed. This is interesting in light of our previous results showing a positive correlation between performance on our verbal working memory task and cholesterol levels [results above, as well as in Aine et al., 2014a,b] . In addition, from these results it appears that MEG activity for MC correlates most strongly with timing of tasks. Results which remained significant after correcting for multiple comparisons were RTs (r 5 0.61, P 5 0.032) and Trails B time (r 5 0.71, P 5 0.0027). Of note, greater peak amplitudes were associated with longer RTs for the MC group. No significant correlations remained for the young group after correction for multiple comparisons. 
DISCUSSION
Given considerable evidence in the literature regarding the protracted development and gradual decline of language functions [Marsolais et al., 2015; Shafto and Tyler, 2014; Hale et al., 2011] , we predicted that a middle-aged group would perform best on a verbal working memory task and that FA levels in related regions would be higher for this group as well. The latter prediction was based on numerous studies examining WM volume across age which showed middle-aged individuals with greater volumes than either the young or the elders indicating that WM (and myelination) may continue to develop well into middle age. For example, Bartzokis et al. [2001] , as well as Sowell et al. [2003] reveal maximal WM volumes around 47 years of age in prefrontal and temporal regions, regions often identified as subserving language functions Cabeza and Nyberg, 2000; Owen et al., 1998 ]. Similarly, the arcuate fasciculus, a WM fiber tract connecting regions of the temporal and frontal lobes, which is also associated with language functions [Friederici, 2011] , continues to myelinate into the second and third decades of life [Yakovlev and Lecours, 1967] . We note however, that multimodal neuroimaging studies of normal aging rarely included a middle-aged group, possibly due to a belief in the linear decline of structure and function after adolescence/young adulthood but also in part because of the expense of conducting large neuroimaging studies. Consequently, the focus has traditionally been on comparisons between young and elder groups, which means the literature is sparse concerning functional and to some extent structural changes in middle-age.
Age-Related Differences in Brain Function and Associated Performance Measures
As predicted our healthy middle-aged group performed more accurately on a verbal working memory task than either the young or elder groups. This result can be characterized by an inverted U-shaped function ( Fig. 2 ; Upper Left). Response accuracy for the middle-aged group was also less variable (smaller standard deviation). In the overall multivariate model for amplitude of the MEG signal, significant differences were noted across Group, indicating functional brain activity differences between age groups as predicted. However, for the univariate ROI analysis, which compared the average over the entire region of interest, MEG peak amplitudes for the middle aged group did not differ from the young group while both differed from the elders. Yet, the whole-brain analysis (mentioned above and shown in Fig. 5C ), which provides a voxel-by-voxel comparison as opposed to the ROI analysis, showed significantly greater amplitudes across right dorsolateral prefrontal-parietal cortex for the middle-aged group compared with young and elders and greater activation in perisylvian language regions (e.g., inferior frontal gyrus, parahippocampus, and lateral parietal cortex) for both young and middle-aged, compared with elders. The former regions have been associated with working memory [e.g., Cohen et al., 1997; Klingberg et al., 1997] while the perisylvian language regions have been typically associated with attention and verbal working memory [Bokde, 2010; Nee et al., 2012; Paulesu et al., 1993; Smith, 1999] .
Interestingly, our results also suggest that for the middle-aged group only, higher MEG peak amplitudes in left inferior parietal (earliest time interval) and left parahippocampal regions (latest time interval) correlated with slower response times. This suggests the possibility that for some brain regions and age groups, higher activation levels may not always improve performance; for example, RTs. We have shown previously [Aine et al., 2011] in a group of elders with mild cognitive impairment and/or Alzheimer's disease that greater MEG activity in anterior temporal lobe correlated with poorer performance (accuracy in this case). We concluded that some optimum level of activation is necessary for good performance while excessive activity in some brain regions may provide a preclinical indicator of pathology long before the absence of activity in these regions. Similarly, De Haan et al. [2012] present a convincing model using MEG and DTI suggesting that excessive neuronal activity leads to cortical degeneration. They linked results showing that excessive levels of local neuronal activity correlate with increased amyloid deposition and regions of increased amyloid deposition correspond with highly connected "hub" regions. Our results, both past and present, are consistent with their model. Aine et al. [2014b] , for example, show several concrete examples of excessive MEG activity (both spontaneous and averaged data) recorded from individuals with significant numbers/volume of WM lesions. In some of these examples bursts of large-amplitude synchronous activity were evident over frontal and temporal regions. Additional, it has been shown that different strategies may be used to complete the same task, influencing what activity is observed (Sanfratello, et al., 2014) .
For elders, in addition to lower MEG peak amplitudes in the three ROIs, peak latency was delayed relative to young and middle-aged groups in the left parahippocampal area (see * in T2- Fig. 5A ), an area implicated for its importance in verbal working memory. This result is discussed further below.
Age-Related Differences in Brain Structure and Associated Performance Measures
As noted above, because other research has shown that WM volumes plotted against age reveal inverted Ushaped functions [Bartzokis et al., 2001; Benes, 1994; Sowell et al., 2003] we hypothesized that FA of frontal and limbic tracts would also reveal an inverted U-shaped function across age groups (i.e., peak FA for the middle-aged group). However, our prediction did not hold true; there were no significant FA differences between our young and r Sanfratello et al. r r 3484 r middle-aged groups. Instead, the FA results provided evidence for stable FA measures rather than a linear decline as typically seen in GM across this age range. However, FA was lower in elders, compared with both young and middle-aged groups except for bilateral superior cerebellar peduncles (SCP) where elders revealed greater values than the young. We note another study that showed greater FA in the SCP for elders [Sexton et al., 2014] but the meaning of this finding is unknown at this time.
In addition, it was hypothesized that age-related decline would be evident in limbic tracts (FX, FS-ST-L), the genu of the corpus callosum, along with the anterior corona radiata (ACR). These tracts were hypothesized to show lower FA values in elders compared with young and middle-aged since these tracts have previously been implicated in aging, executive functions, and memory [Biesbroek et al., 2013; Chaddock-Heyman et al., 2013; Lockhart et al., 2012; Sasson et al., 2011; Seghete et al., 2013] . Based on the similarity in FA measures between young and middle-aged groups and the extensive changes identified between young and elder groups, we focused primarily on the differences in FA measures between the middle-aged and elder groups, a comparison not made in most neuroimaging aging studies due to the absence of a middle-aged group. Table II shows that indeed FX, FX-ST-L, the genu and body of the corpus callosum, in addition to bilateral thalamic radiation fibers (ACR, SCR, and PTR) revealed lower FA in elders versus the middle-aged group. Shah et al. [2012] included the anterior thalamic radiation as part of the Papez circuit, a limbic circuit associated with memory functions, and we also found the posterior thalamic radiations to be implicated in task performance (Table III-RTs) . While ACR and SCR were not specifically associated with working memory task RTs in the current study, they correlated negatively with completion times on the timed Trail Making Test (Part A and B), a test of processing speed and executive function [Duering et al., 2014] . Thus it appears that structures mediating executive function, memory and processing speed revealed significantly lower FA values in elderly compared with the middle-aged and the younger group.
Because FX has been shown by us [Aine et al., 2014a,b] and many others to be associated with memory function [Metzler-Baddeley et al., 2011; Thomas et al., 2011] we examined box plots for RD and AD for FX to determine if the pattern of DTI parameters support an interpretation that demyelination may be occurring in elders (Fig. 3) . In sum, these results show that the significant decreases in FA for FX shown between YC versus EC and MC versus EC can be explained by an increase in RD in EC relative to both MC and YC, while the AD parameter was not significantly different by group. Consistent with the reported pattern of experimental effects in rat and mouse models [Janve et al., 2013; Song et al., 2005] of a decrease in FA, an increase in RD, and no change in AD, these results are consistent with an interpretation that a demyelination process may be occurring with age. However, one caveat concerns the partial-volume effects of cerebrospinal fluid (CSF) contamination in voxels near the white matter and CSF boundary [Janve et al., 2013; Jones and Cercignani, 2010; MetzlerBaddeley et al., 2012; Song et al., 2005] , especially in narrow white matter regions such as fornix and genu, regions where we found significant effects. We did not apply partial volume corrections to these data. This issue is particularly important since we are comparing results across individuals of different ages (i.e., tissue atrophy associated with normal aging). However, using TBSS has the advantage of reducing such partial volume effects, which is a motivation for using this analysis, especially in aging studies.
To tie our structural WM results (FA values in callosal and limbic regions) to our functional MEG results (e.g., parahippocampal region), we note that FX is the major efferent pathway from hippocampus, and posteriorly FX continues upward, deep to the splenium of the corpus callosum. These tracts form part of the limbic system and have a central role in higher-order processing such as memory and learning, as well as in emotion, neuroendocrine function and autonomic activities [Sitoh and Tien, 1997] . Furthermore, entorhinal cortex (part of the parahippocampal MEG ROI) is the main hub between hippocampus and neocortex, and is considered to be part of a widespread network for memory and navigation connecting to several regions in medial and posterior temporal lobe (e.g., PTR, SCC, precuneus). Interestingly, a recent fMRI study has implicated entorhinal cortex as the first area of the brain to be affected by Alzheimer's disease [Kahn et al., 2013] . Our current results also show that elders had lower amplitudes and longer onset latencies in the parahippocampal ROI, compared with the young and middle-aged groups. In addition, the whole-brain maps in Figure 5C (middle panel) reveal greater activation patterns for MC, compared with EC, in regions typically associated with verbal working memory (e.g., left perisylvian regions). The top and bottom panels in this figure, taken together, suggest greater activation for MC in prefrontal cortex compared with YC or EC.
Our observed decrease in WM integrity (FA), along with lower peak amplitudes and delayed peak latencies for the elders, highlights the importance of structural/functional integrity for cognitive performance. Based on the role that WM plays in transferring information throughout the brain, decreased WM integrity is expected to result in a delay of information transfer between brain regions that could affect the amplitude of the MEG signal and/or delay the onset of peak latencies. Findings also suggest that degeneration of specific WM tracts such as those passing through the genu and splenium of the corpus callosum may be related to age-related differences in cognitive performance [review, Lockhart and DeCarli, 2014] .
Effects of Cerebrovascular Risk on Brain Structure and Function
As predicted in our group of normal controls, WM regions in frontal limbic, callosal and thalamic radiations revealed the greatest differences between the middle-aged and elder groups. Importantly, we also show that high blood pressure and high blood glucose levels correlated negatively with FA in these same regions (Table III and Fig. 4 ) and these FA values were also negatively correlated with verbal working memory RTs, along with timing on the Trail Making Tests (Parts A and B) . Therefore, these results lead us to propose that frontal limbic and callosal regions and thalamic radiations may be particularly vulnerable to CV risk. De Groot et al. [2015] revealed an anterior-posterior gradient of degradation of WM regions (i.e., WM tracts that mature last are first to show degeneration). According to a review by Lenroot and Giedd [2006] , myelination begins in the brain stem and then proceeds from both inferior-superior and posterior-anterior directions within the brain [Colby et al., 2011] . Our results comparing middle-aged with elder groups, showing lower FA in both anterior and superior WM regions, are consistent with the literature suggesting WM degeneration is evident initially in these regions [Colby et al., 2011] . The splenium of the corpus callosum, a posterior tract, did not show age-related differences in this comparison, which is also consistent with some studies examining age-related changes in subregions of the corpus callosum [Bartzokis et al., 2004; Head, 2004; O'Sullivan et al., 2001] . In addition, our findings shown in Figure 3 are consistent with the interpretation that a demyelination process may be occurring with age and CV risk. Salat [2014] also studied effects of resting blood pressure on WM microstructure and concluded that systemic CV health may play a role in neural tissue degeneration normally attributed to aging. Kennedy and Raz [2009] similarly suggest that vascular risk, even in normotensives, may drive the expansion of age-related WM damage from anterior to posterior regions. Other studies showed significant relationships between WM microstructure and executive function. For example, Charlton et al. [2006] examined relationships between cognitive functions and DTI parameters and found that working memory performance was significantly related to WM microstructure after controlling for age. Grieve et al. [2007] also found negative correlations between executive functions and FA in regions spanning frontal-parietal cortex, with extensions in anterior and dorsal thalamus (thalamic radiations) after controlling for age. Altogether, these studies suggest that even subtle variations in vascular risk parameters have neural consequences, even in low-risk populations and at earlier ages (e.g., middle age) than previously thought [see review by Salat, 2014] . Our results add additional support to this hypothesis. Furthermore, we would like to point out that subclinical CV risk factors, which may currently be underappreciated, may be playing a role in cognitive performance trajectories via their influence on brain structure and function. This should be more carefully investigated in future studies.
Speed of Processing and Cerebrovascular Risk
Because we found many significant negative correlations between the frontal limbic, callosal and thalamic radiations and speeded tests (verbal working memory task RTs, Trail Making Tests Part A and B), and because Salthouse (e.g., 2000) directly discussed processing speed and aging, we examined this issue here since FA in these regions was also negatively associated with blood pressure and blood glucose levels. These results fit nicely into the frontal aging hypothesis and are consistent with Salthouse's observation that speed of processing is affected early. Righart et al. [2013] and Duering et al. [2014] also found frontalsubcortical neuronal circuits (e.g., genu of corpus callosum and anterior thalamic radiations) to be predictors of processing speed performance (Trail Making Test Part B) in age-related small vessel disease. They found deficits in processing speed are among the earliest and most prominent cognitive manifestation of small vessel disease. Hypertension and diabetes mellitus showed independent contributions to processing speed impairment, an interpretation also supported by De Groot et al. [2015] , with limbic tracts particularly affected. These studies provide support for the notion that CV risks may contribute to early cognitive decline by affecting frontal-subcortical circuits initially, circuits that support processing speed.
Furthermore, Salthouse [2000] examined age-related changes in different types of processing speed (e.g., decision speed, perceptual speed) in his studies of normal aging and noted that all speed variables produced large effects (r 5 0.52). He also discussed potential moderators of these effects, such as health status. Unfortunately, his own studies relied only on self-report for health status and thus he concluded that health-related factors have relatively small influences on the relation between age and speed. Our results indicate that the same regions investigated by Salthouse are negatively associated with high blood pressure and high glucose levels (Table III) . When health status is assessed objectively (e.g., volume of white matter hyperintensities [WMHs] , measured blood pressure and blood glucose) one finds significant effects for health status on cognitive performance for non-demented adults [Aine et al., 2014a,b; Salat et al., 2012] . Our current results suggest that an initial effect of aging may indeed be slower processing speed, which is associated with lower FA in several frontal callosal, limbic, and projection regions and that these differences are associated, at least in part, with CV risks.
Interestingly, our MEG correlations (left inferior parietal and parahippocampal regions) with CV risk and performance measures suggest that for the middle-aged group, higher peak amplitudes within these ROIs, associated with increased systolic blood pressure, may not be beneficial for speed of performance. The middle-age group still performed best overall in terms of accuracy, but Figure 2 shows some slowing of RTs relative to the young group, although it was not statistically different. It is possible that this group is beginning to show some degradation in speed of processing. Additional investigation is needed to sort out this regional effect.
Lastly, for our elder group, it is clear that lower peak amplitudes and delayed peak latencies correlated with poorer performance overall. However, higher peak amplitudes within this group correlated with higher total cholesterol levels which were associated with better verbal task performance, similar to Aine et al. [2014a,b] . These results suggest that different levels of blood pressure, lipids, and blood glucose may have differential effects across age groups which is worthy of future study. In other words, what ranges of cholesterol, blood pressure and blood sugar (i.e., CV factors) are necessary for optimum levels of cognitive performance? We predict that these curves are different across the age groups and are unaware of any studies examining this important question.
LIMITATIONS
The results presented here are from our current crosssectional study. Future longitudinal studies examining changes across time will be important to provide information regarding cause and effect. In addition, a greater amount of motion in one group can lead to a bias in the calculation of diffusion parameters [Yendiki et al., 2014] . However, we feel that our strict selection procedure ensures that the motion characteristics are similar across the three age groups. We are also aware that education is a potential confound in this design, as it was significantly different between groups (e.g., many individuals in our youngest age group could not have achieved the same level of education as our middle-aged or elder participants). Statistics in sensor space may also help to better illuminate some of the group differences observed with the current analyses. Finally, a multivariate analysis of the MEG and DTI results may provide deeper insight. For example, Stephen et al. [2013] used a joint ICA (jICA) approach to identify MEG/FA components that demonstrated significant co-variation in MEG and DTI measures across participants to highlight diagnostic group differences (in that case schizophrenia patients versus healthy controls). Identifying multimodal co-variation using multivariate measures allows one to more directly assess linked factors across modalities in unique ways to better understand which of these factors is more closely related to cognitive functioning. The current study which combined both neuroimaging and behavioral measures establishes the motivation for future multimodal integration studies.
CONCLUSION
Our results provide evidence for continued functional maturation of adults as they approach middle age, as documented by enhanced performance on a verbal working memory task and by the patterns of MEG activation seen across age groups, particularly for fronto-parietal activation patterns (i.e., perhaps related to working memory). Although FA measures did not reveal an inverted Ushaped function as did verbal working memory accuracy, there were no significant differences between FA in the 50 regions tested between young and middle-aged groups, which suggests that there is not a decline in FA before midlife. Therefore, the current results provide support for the following: (1) that frontal limbic, callosal, and thalamic radiations reveal structural and functional differences between healthy middle-aged and elder participants; (2) processing speed and working memory performance are correlated with the microstructural integrity of these particular regions; (3) these same regions are negatively influenced by high blood pressure and blood glucose levels; and (4) the use of a middle age group in neuroimaging studies to help mitigate effects of the large age difference between young and elderly participants in cross-sectional studies is important. Lastly, both our functional (performance and MEG activity) and structural (FA) results support the theory that age-related cognitive decline is in part a result of CV health, even for verbal working memory which is believed to be less affected than other cognitive domains.
